Summary Using birth addresses, we examined the geographical variation in risk for all types of childhood cancers in the UK, on a scale corresponding to the 10-km squares of the National Grid. The effects of socioeconomic and environmental factors, including natural background radiation, were investigated and their relative importance assessed using Poisson regression. Data came from a national collection of all fatal cancers between 1953 and 1980 in children aged 0-15 years and consisted of 9363 children of known place of birth from 12 complete annual cohorts born in the period 1953-64. For solid cancers, as well as for leukaemias and lymphomas, there was marked variation of cumulative mortality according to place of birth. High mortalities were associated with areas characterized as having high social class, higher incomes and good housing conditions, but also with high population densities (births per hectare). Each of these contrasting social indicators operated independently of the other, indicating complex determining mechanisms. Mortalities increased with increased radon exposure, and the relationship operated independently of the socioeconomic factors. At this scale of analysis, we found no increased mortality in industrialized areas. A population-mixing infective hypothesis, which postulates high rates of leukaemia when highly exposed urban populations are introduced to isolated rural areas, was supported by observations of high mortalities in 'growth areas' and New Towns, but was not readily reconcilable with the high rates seen in the high-density areas. If these correlations do indeed represent an infective mechanism, then the outcomes are not limited to malignancies of the immune system alone.
Much of the published research into the geographical distribution of cancers in children and young people, particularly of leukaemias and lymphomas, has focused on two possibilities, namely (a) an infectious process (Knox, 1964; Vianna et al, 1972; Smith, 1982; Greaves, 1988;  Kinlen, 1988; Kinlen et al, 1990 Kinlen et al, , 1993 and (b) radiation injury, whether from background radiation, nuclear test fall-out or proximity to nuclear power stations (Baron, 1984; Darby and Doll, 1987; Roman et al, 1987; Knox et al, 1988; Cook-Mozaffari et al, 1989; Muirhead et al, 1991; Beral et al, 1993; Bithell et al, 1994) .
Many studies have been based on local ascertainment of particular childhood cancers, and particular geographical areas were sometimes targeted for study because it was already suspected that they had an unusually high incidence of cases. Relatively few investigators have studied the more general spatial distributions of events, within which the areas of raised incidence occur and of which they are particular, selected examples. Without a knowledge of this overall pattern, it is difficult to assess the true significance of the supposedly raised incidence seen in such areas. There have been very few reports of comprehensive examinations of data from a large area, such as a whole country, for evidence of geographical heterogeneity in case distribution (Knox et al, 1988; .
In the more recent of these studies, not all childhood cancers were examined, but analysis was limited to leukaemias and nonHodgkin's lymphomas . The analysis by Knox et al (1988) showed that there was a general positive covariation between background gamma radiation and childhood cancer mortality, which was partly masked by contrary social/geographical trends. Sociodemographic variables were important confounders, and the positive effect of background radiation was evident only within socially homogeneous areas. The study reported here will extend the examination of data from this national collection of cases, using an alternative approach to classifying areas in terms of their sociodemographic characteristics, and incorporating the effects of such factors in an examination of the spatial variation of all types of childhood cancers in the UK.
The investigation will be a geographical correlation study, in which place and time of residence are used as a surrogate for actual exposure, and ideally should be as close as possible to the disease's initiating or promoting event. This is particularly important if there is a long and variable latent period between the relevant event and the recognition of disease. Previous spatial studies of the aetiology of childhood cancers have usually concentrated on place at death or diagnosis, and on circumstances relating to post-natal life up to that time. However, most childhood cancers involve tissue of embryonal origin and have their peak incidence in early childhood (before the age of 6 years). It is therefore unlikely that long-term post-natal exposure to environmental carcinogens is a necessary part of their aetiology; factors acting at or before birth are probably more important. For this reason, the investigation reported here is based upon location at time of birth. The first stage of the study details the frequency distribution of childhood cancer rates and the extent to which adjacent areas tend to have similar rates. The effects of socioeconomic and environmental factors on the geographical variation in childhood cancer rates are then examined, and their relative importance assessed using Poisson regression analysis.
MATERIALS AND METHODS

Data sources
The cases used in these analyses are from the Oxford Survey of Childhood Cancers (OSCC), one of the first and largest case-control studies of childhood cancers in the UK (Stewart et al, 1958; Bithell and Stewart, 1975; Knox et al, 1987 (Stiller and Draper, 1982; Stiller et al, 1991) and, in common with other investigators of spatial patterns in childhood and adult cancers (Forman et al, 1987; Cook-Mozaffari et al, 1989) , we have concluded that mortality data are more reliable than registration data in these circumstances and for these purposes. For these reasons, the spatial analyses reported here are based upon these complete cohorts only.
For each case, the home address at time of birth was given the grid reference, to the nearest 10 km, of the 'centre of population' of its pre-1974 local authority area (LA) (Craig, 1977; Knox et al, 1988) . Not every 10-km square of the National Grid contained a 'centre of population' grid reference, while some contained more than one. Each of the 1594 LAs was allocated to one of the 965 occupied 10-km grid squares, or 'demographic districts' (DDs), and so each DD contained one or more LAs. Cases born abroad, or for whom home address at time of birth was not known (the majority of these were uninterviewed cases) were excluded from analysis. The proportion of cases excluded was 16% among the leukaemias and lymphomas and 18% among the solid cancers, leaving a total of 9363 cases from the original 11 298. Cases were assigned to DDs in this way to relate them to information on background radiation supplied by the National Radiological Protection Board (NRPB) in the form of measurements of outdoor and indoor gamma radiation, and indoor radon radiation for most of the 10-km squares of the National Grid (Knox et al, 1988; Wrixon et al, 1988; Green et al, 1989) .
Each DD was then given a socioeconomic family or cluster classification, using the scheme described by Webber and Craig (1978 
Analytical methods
Data were tested for the presence of spatial autocorrelation, i.e. the extent to which adjacent DDs tended to have similar CM values, using Smans test (Smans, 1989) . DDs were ranked on their CM values -and the mean absolute difference in ranks between pairs of adjacent areas was calculated. DDs were classed as adjacent if their borders were contiguous or if they were diagonally adjacent (i.e. had a corner in common). The null distribution of the Smans test statistic was obtained by simulation (500 iterations), using random allocation of cases to DDs proportional on the DD population (i.e. number of births). Significantly low test values indicate the presence of spatial autocorrelation, which affects the assumption of independent errors in spatial regression analyses, and could lead to overestimates of regression parameters and their significance (Clayton and Bernardinelli, 1992) . Poisson multiple regression was used to examine the effects of birth density (births ha-1), birth year, mean outdoor gamma radiation (nGy h-'), mean indoor gamma radiation (nGy h-1), mean indoor radon (Bq m 3), socioeconomic family (categorical variable with levels 1-6) and socioeconomic cluster (categorical variable with levels 1-30) on the variation in CM among DDs. Multiplicative models were fitted in the standard statistical analysis package GLIM (McCullagh and Nelder, 1983) , using Poisson error, natural log link and declaring loge(births) as offset.
Values for birth density, birth year, outdoor gamma, indoor gamma and indoor radon were initially fitted as continuous variables and subsequently grouped and fitted as categorical variables (quartiles for birth density and the radiation variables; periods 1953-56, 1957-60, 1961-64 for birth year) to seek evidence of deviation from a linear trend. Improvements in goodness of fit achieved Table 1 and shows significant spatial heterogeneity (P < 0.0001) for each of the two main diagnostic groupings: leukaemias and lymphomas; and the remaining cancers, subsequently referred to as solid cancers. There was a notable excess of DDs with no deaths at all, and a deficiency of those with one to three deaths. The Smans test was used to seek evidence of larger scale heterogeneities but found no significant spatial autocorrelation in the data (all cancers, P = 0.84; leukaemias and lymphomas, P = 0.99; solid cancers, P = 0.09), i.e. adjacent DDs were no more likely to have similar CM values than were non-adjacent DDs. These two results focus our attention firmly upon sources of variation intrinsic to the DDs themselves, i.e. on a scale of 10 km or less. Tables 2 and 3 show the distribution of childhood cancer mortality across DDs that have been classified into socioeconomic families and socioeconomic clusters. The order in which the families and clusters are listed is as defined by Webber and Craig (1978) and corresponds roughly to the socioeconomic status of the head of household and to housing tenure status. There was an association between high CM and features indicative of high social class, higher incomes and good housing conditions. Thus CM was highest for DDs in Family 1 (suburban and growth areas) and lowest in Family 6 (inner and central London), with a significant downward trend (P < 0.001) across the families in between (Table  2 ). There was significant variation in CM between socioeconomic clusters (P < 0.005) within each of the two main diagnostic groups, as well as for all cancers combined (Table 3) . For leukaemias and lymphomas, rates were significantly high in New Towns, areas of rural growth and resort retirement areas, while for solid cancers significantly elevated rates were seen in areas of rapid growth and in outer London. In industrial areas, apart from a significantly low leukaemia and lymphoma rate in Scottish industrial areas, neither diagnostic group showed rates that were significantly different to those expected.
The results of the Poisson multiple regression analyses are shown in Table 4 . Cumulative childhood cancer mortality was significantly associated with socioeconomic family, being highest in suburban and growth areas and lowest in areas with much local authority housing. Independent of this association, CM was greatest in areas with the highest density of births per hectare, and comparison of results obtained fitting birth density as a continuous variable with those obtained fitting birth density grouped into quartiles (each then tested as binary variables) revealed a significant non-linear relationship (P < 0.005). Only the leukaemias and lymphomas showed a significant relationship of CM with birth year, this taking the form of a small negative linear trend. There was a significant positive linear trend of CM with increasing radon exposure for all cancers, and for the solid cancers, while a quantitatively similar relationship for the leukaemias and lymphomas just failed to reach statistical significance. 
DISCUSSION
These analyses demonstrate the presence of significant heterogeneities in the geographical distribution of childhood cancer mortality in the UK according to place of birth, on a scale corresponding with the 10-km squares of the National Grid (i.e. demographic districts). There was no evidence from the Smans statistic of larger scale aggregations of high-mortality DDs and the pattern for both of the main classes of childhood cancer appeared as a scatter of higher risk areas separated by others of lower or average risk. This focused attention firmly upon variations between individual DDs and upon intrinsic local features resolvable to a scale of 10 km or less. Univariate analyses revealed significant differences in mortality between DDs with different socioeconomic characteristics, and multivariate Poisson regression showed that some of the birth place heterogeneity could be explained by the independent effects of variations in birth density, in the demographic and socioeconomic characteristics of the different districts, and by indoor radon exposure. However, our analyses had certain limitations. One problem was the difference in time frame between the socioeconomic classification used (based on the 1971 census) and the study period (births 1953-64) . Our aim was to describe the nature of the geographical distribution of childhood cancers in more meaningful and detailed terms than in our previous studies, when we reported crude gradients related to the easting of the place of birth (Knox et al, 1988) . We wanted to characterize areas with high or low rates and, for the period for which we had complete data (1953-64 birth cohorts) , the classification based on the 1971 census variable was the only appropriate tool that we could find. Changes in the character of some areas between the period 1953-64 and 1971 may have occurred but should have the effect of making it more difficult to demonstrate associations between area types and childhood cancer rates. As it is, we were able to confirm previously reported associations of high childhood cancer risks with births in areas classed as New Towns, 'rural growth' and 'rapid growth' areas.
A second problem is that the explanatory power of ecological regression is totally dependent upon the inclusion of aetiologically relevant factors in the model and relies on the assumption that the population characteristics used to describe an area accurately reflect the characteristics of the affected individuals in that population. Although the Poisson models indicated significant associations of CM with socioeconomic factors and exposure to indoor radon, none of the available variables alone, nor all of them together, successfully explained the whole of the heterogeneity between the DDs. This implies the presence of additional risk factors within individual DDs that were unrelated or only weakly related to the variables to which we had access. Some of these factors may be separately located in yet smaller areas, and this could explain some of the apparent inconsistencies in our findings. For example, we found that childhood cancer risk increased with relative affluence, as well as being high in suburban environments and in New Towns, yet it was also greater in areas of high population density (which are usually areas of low socioeconomic status); and, despite the latter, was lower than average in inner London and in Glasgow. The findings of the Poisson regression indicate a particularly powerful association of CM with zones whose population densities are greater than the median, yet also indicate increased risk with increasing socioeconomic status of areas within the separate density bands. Other workers have also reported somewhat confusing results: Draper et al (1991) found higher rates in rural (low population density) compared with urban (high population density) areas, and Langford and Bentham (1993) found a significant deficit of childhood acute lymphoblastic leukaemia in large service centres and cities, with presumably high population densities. Muirhead (1995) (1990) who estimated that up to 15% of childhood cancers could be attributed to an average radon exposure of 50 Bq m-3. At these levels of exposure, the proportion of cases likely to be due to radon exposure is similar to that associated with childhood cancer risk after irradiation of the fetus in utero by radiography of the abdomen of the pregnant mother (Stewart et al, 1958; Bithell and Stewart, 1975; Muirhead and Kneale, 1989 (Knox and Gilman, 1997) . The apparent inconsistency of our present findings is possibly because of the inability of analysis at the larger scale of 10-km squares to detect the short-range effects of local discrete hazards.
Exposure to infection Many different infective mechanisms have been proposed, particularly with respect to the leukaemias. They have been tentatively invoked to explain notable 'epidemics' (Heath and Hasterlik, 1963) , as well as more widespread, small-scale transient clusters (Smith, 1982; . Such studies have related mainly to times and places of onsets and, if infection is to blame, it may be in relation to the promoting and precipitating phases of the disease process rather than to its initiation. However, these localized time-space concentrations could not easily explain geographical concentrations accumulated over many years, as demonstrated here. Other postulated infectious mechanisms, more capable in this last respect, have included mother-child virus transmissions with subsequent immune tolerance, and double infections when very early exposure results in cell transformation while reinfection results in clone proliferation (Alexander, 1993) . Both such processes might be more frequent in population-dense areas.
A more complex epidemiological hypothesis, proposed in recent years (Kinlen, 1988; Kinlen et al, 1990 Kinlen et al, , 1993 , depends upon population-mixing in developing areas, where the immigrants' previous exposures to an immunizing infection differ from those of the longer term residents. A family of specific submodels can then be generated, depending on whether the risk of leukaemia is supposed to depend specifically upon age at infection (Greaves, 1988) , whether immunity is supposed to be always permanent or sometimes transient, whether the immune immigrants enhance herd immunity and so reduce normal transmission among the earlier residents, whether a minority chronic carrier state is envisaged, and so on. We found that birth areas with the highest subsequent childhood cancer mortalities included those classed as suburban and growth areas (areas of rural growth for the leukaemias and lymphomas; areas of rapid growth for the solid cancers) and New Towns (for the leukaemias and lymphomas). These groups are characterized by influxes of people from a wide range of areas to previously isolated locations, with a consequent mixing of populations from different backgrounds. In common with Kinlen et al (1990) incoming population came from a nearby, well-mixed large conurbation or other tightly defined geographical area, probably with similar infectious exposure backgrounds and containing few susceptibles. Stiller and Boyle (1996) also found that the effect of population-mixing on childhood leukaemia risk increased with the increasing diversity of areas from which the incoming population was derived.
The high observed mortalities among children born in growth areas and New Towns fit well with a general population-mixing model provided that the effect somehow carries over to generations born in these areas after the first mixing has taken place. It fits less well with the association of excess risk in populationdense and presumably high-transmission areas, from which the immigrants may have come. It has been suggested that ready transmission of infection prevents the accumulation of susceptibles (Langford and Bentham, 1993) It must be emphasized again that none of the models gave a sufficient explanation of the large-scale geographical variation in childhood cancer mortality. Our own parallel investigations of these data, and of a set of leukaemia and lymphoma registrations, indicate that there are other important influences affecting childhood cancer risk, and that they themselves must be distributed unevenly and probably on a finer scale than the heterogeneities examined above (Gilman, 1992; Knox, 1994; Gilman and Knox, 1995) . The investigation of these influences calls for a different form of analysis on a much smaller scale, and it is the subject of ongoing work Gilman, 1996, 1997) .
